The stresses and the textures of electroplated copper films were studied using the X-ray diffraction analysis. The results show that the stresses in the films are always tensile. The films have (110) fiber texture at different thickness from 8 to 60 mm. From strain energy minimization point of view, the grains with (110) orientation should be favorable in these films. A further planar texture on top of the fiber texture was developed. It could be explained by elastic anisotropy at different orientation in grain.
Introduction
Copper films have received increased interest because it is used as a metallization material to replace aluminum in integrated circuits. The performance and reliability of the copper films are influenced by their stress and texture. The texture of copper film has been shown to affect the mechanical, physical and chemical properties of the film. The three grain orientations that are the most common in copper films, those with (111), (100) or (110) planes parallel to the substrate surface. [1] [2] [3] In such fiber texture, the in-plane orientations of grains are generally random with respect to rotation about the axis normal to the preferred orientation plane. Further rotational alignment of the fiber-textures grains in films would be ideal for many properties and in fact is a goal of over three decades efforts in film technology. 4) The rotational alignment of grains induced the growth of a planar texture on top of the fiber texture. Lang Z et al. 5, 6) used molecular dynamic (MD) method to simulate the development of such planar texture at in-plane uniaxial and biaxial stresses. However, the experimental phenomenon about such planar texture has almost never been reported.
The characteristics of the electrodeposits texture depend on several factors such as the nature of the deposited metal, the current density, the electrolyte composition, the pH value of the solution, the temperature, and other factors. Two different texture types should be distinguished: 7) the initial texture which is formed during the initial step of heterogeneous crystallization and the growth texture which is formed during the subsequent growth of the deposit. The initial texture concerns only thin electrodeposits having a thickness of the order of 1 mm or less, whereas the growth texture concerns deposits with a relatively high thickness of some micrometer or more. The texture of the initial layers of the electrodeposited metals which depends on the influence of the substrate may change during the further growth process in thickness of the deposit owing to a gradual decrease of such influence, so that the deposit texture will finally be determined by electrolysis conditions, only.
In this paper, the copper films were prepared by electroplating. The stresses and textures were measured with X-ray diffraction (XRD) techniques. A tensile stress was introduced in the films during deposition process. The films exhibited strong (110) fiber textures. And further planar texture on top of the fiber texture had been observed in the films.
Experimental
Copper films were deposited from an additive-free acid copper electrolyte, consisting of 40 g L À1 Cu from CuSO 4 of 98-99% purity and 200 g L À1 96% H 2 SO 4 . Cathode motion and continuous filtration were applied to ensure refreshment of the electrolytic solution close to the sample surface and prevent organic contamination. The Al alloys substrates were activated for 30 s in dilute H 2 SO 4 and rinsed with distilled water. All depositions were carried out at room temperature at a current density of 16 A dm À2 . The film thicknesses ranging from 2 to 60 mm were prepared by controlling the deposition time.
X-ray diffraction (XRD) technique was carried out to investigate the stress and the texture of copper thin film. The stresses of film specimens have been studied by the wellknown sin 2 method. For study the texture of the films, the diffracted intensity was measured as a function of the tilt angle, , with respect to the surface normal and the rotation angle (in the plane perpendicular to the surface normal) at 2 angles corresponding to Bragg diffraction angle of the (110), (100) and (111) reflection. The pole figures were recorded from ¼ 0 to 75 at intervals of 5 .
Results and Discussion
As-deposited films often have high intrinsic stresses. For a continuous, unpassivated film, 1 and 2 , the principal stresses that lie in the plane of the film, are equal. In the direction perpendicular to the plane of the film, 3 ¼ 0. Figure 1 shows the results of stress measurement. The stress in the copper films was always tensile regardless of film thickness. It is known that there are various types of strains that can be developed in an attached film. The first is growth strain. Various defects, such as other impurity atoms, dislocations, vacancies, and micro-cracks, can be formed in the film and result in an intrinsic or growth strain. The second is epitaxial strain. If a single-crystal film grows epitaxially on a single-crystal substrate, the in-plane lattice mismatch could result in an epitaxial strain. The third is thermal strain. If the film have different thermal expansion coefficient to the substrate, the thermal strain will be introduced in the film. The copper films were deposited and the stresses were measured at room temperature in this paper. So the stress was caused by crystal imperfection during the deposition on a substrate rather than thermal expansion mismatch between dissimilar materials.
An example of (110), (100) and (111) pole figures is shown in Fig. 2 , where the copper film was deposited by electroplating to 60 mm. It is clear that the film exhibit strong (110) fiber texture. The variation of (110) pole figures with film thickness is shown in Fig. 3 . The figures show that all of the films have obvious character of (110) fiber texture except the film of 2 mm and the extent of preferred orientation increases with film thickness.
Since a high degree of sample symmetry exists in fiber textures, no variation diffraction intensity exists by rotation through the angle in the plane of the sample. If the intensity values regularly change with the angle , it can be considered that the sample has planar texture components. The curves about the variation of the intensity with the angle are shown in Fig. 4 . A periodical relation between the intensity and the angle could be observed. So a result could be got, which the copper films have a planar texture component on top of the fiber texture. Also an obvious trend exists in the films, the extent of the planar texture increases with film thickness.
From surface energy considerations, the closest-packedplanes should be favored. Films of fcc metals often exhibit a (111) texture. However, Ohmi et al. found that (100) and (111) preferred orientation copper films were grown on Si substrates by a low kinetic energy particle process. 9, 10) A recent paper discussed the observed texture responses of copper films deposited by a variety of techniques, 11) in general, (100)-, (110)-, (111)-and (511)-oriented films dominated the response. In present paper, the electroplated copper films have strong (110) textures. In polycrystalline films, grain growth also leads to an evolution in the distribution of grain sizes and orientation. As the excess volume associated with grain boundaries is redistributed during grain growth, a tensile stress can develop. Because of its high yield stresses, copper film can support high strain energy densities. According to the datum of the stress measure, larger biaxial stresses are generated in the copper films during the deposition. Actually, in growth of stressed films, even overall change of the fiber texture, from surface energy minimizing type to strain energy minimizing type, may take place. [12] [13] [14] The dependence of strain energy on the grain orientations was calculated by considering both elastic anisotropy and dependence of the yield stress on the crystalline orientation.
15) The calculated results shown that the lowest strain energy density are corresponding to the grain with (110) plane oriented parallel to the plane of the film. 16 ) From strain energy minimization point of view, the grains with (110) orientation should be favorable in the film.
Besides the change of the fiber texture, further rotational alignment of the fiber-textured grains may occur as a result of strain energy anisotropy. Despite stresses in films are generally biaxial, the difference of strain energy densities in grain-to-grain is existed for elastically anisotropic materials. The copper grain is elastic anisotropy at different orientation. Some grains in the harder orientation have higher strain energy density. These differences can drive the rotational alignment of grains from harder orientation to that in softer orientation in the preferred orientation plane. The rotational alignment of grains induced the growth of a planar texture on top of the fiber texture. As is shown in Fig. 4 , the copper films have a planar texture component on top of the fiber texture. These experimental results agreed with the results of the simulation experiments in Ref. 6).
Conclusions
In the paper, stresses and textures of electroplating copper films were investigated. The stress in the films was always tensile. The films exhibited strong (110) fiber texture. Strain energy minimizing textures are favored at high strains and in thicker films. Structure of electroplated copper film with fiber texture was further aligned in-plane due to biaxial tensile stress, forming a planar texture. The difference of the strain energy densities and the orientation in grains is the reason that caused the development of such texture. Fig. 4 Diffracted intensity of (220) with 5 < < 30 ; 0 < < 360 for the different thickness copper films.
